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Characterization of Multipath Composition of Sub-6
GHz and mmWave Channels in an Industrial
Scenario Using Ray Tracing Simulations
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Abstract— The integration of fifth-generation networks with
Industrial Internet of Things (IIoT) applications is pivotal for
fulfilling the technical demands of Industry 4.0, including ro-
bust data traffic, minimal latency, and high data throughput.
However, deploying these networks requires accurate channel
models that capture the unique characteristics of industrial
indoor settings. This study addresses this need by presenting a
comprehensive characterization of channels at 3.5 GHz, 28 GHz
and 73 GHz within an indoor factory (InF) environment through
ray tracing simulations. These simulations account for specular
reflection, diffraction, and diffuse scattering effects. The analysis
encompasses path losses, Rice factor, shadowing, and line-of-
sight probability, with a focus on delineating contributions from
propagation phenomena.

Keywords— Channel modeling, IIoT applications, mmWave,
ray tracing.

I. INTRODUCTION

Industry 4.0, denoting the fourth major advancement in
industrial operations, explores the concept of intelligent manu-
facturing through the supervision and automated management
of processes. It enhances efficiency by facilitating predic-
tive capabilities, real-time corrections, and adaptive decision-
making, all powered by extensive data processing [1]. Inte-
gral to Industry 4.0, the Industrial Internet of Things (IIoT)
comprises a vast array of interconnected devices, sensors,
and machinery. These components collectively generate rich
datasets leveraged for optimizing industrial workflows [2].
However, the effective application of IIoT in Industry 4.0
necessitates high reliability in data traffic, low latency, high
throughput, and secure communications between devices.

The fifth generation of communication systems (5G) is
regarded as a promising solution to meet the technical re-
quirements of Industry 4.0. According to the International
Telecommunication Union (ITU), 5G spans three major ap-
plication scenarios: enhanced mobile broadband (eMBB),
ultra-reliable and low-latency communications (URLLC) and
massive machine-type communications (mMTC) [4]. While
eMBB applies to user-centric applications, enabling access to
multimedia content and services, URLLC and mMTC modes
are suited for industrial scenarios, allowing connections among
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a large number of devices in scenarios that demand high
reliability and low latency [3]. Most IIoT services are allocated
in the sub-6 GHz band, specifically at 2.6 GHz, 3.4 GHz-
3.8 GHz and 4.9 GHz [7]. However, 5G applications extend
into the millimeter wave (mmWave) band, typically defined as
the frequency range between 30 GHz and 100 GHz. Applica-
tions in this high frequency range encounter several challenges,
including significant path losses, low diffraction power, high
blocking losses, attenuation due to atmospheric molecular
absorption, and susceptibility to diffuse scattering. The latter
refers to dispersion resulting from surface roughness, which, in
high frequency applications, is of a similar order of magnitude
to the wavelength [14].

The design, analysis and implementation of IIoT networks is
fundamentally dependent on channel models that can capture
the specificities of indoor factory (InF) scenarios in multiple
frequency range. These environments present unique chal-
lenges that differentiate them from traditional indoor settings.
InF scenarios are often characterized by a large physical
environment, with high ceiling and a prevalence of metallic
obstructions such as machinery and racks, leading to signif-
icant penetration losses and pronounced specular reflection
components [6]. Conversely, the phenomenon of diffraction
can mitigate shading in obstructed areas, particularly in ap-
plications operating within the sub-6 GHz band. However, in
applications operating in the millimeter-wave spectrum, the
impact of diffraction on the link is diminished and the diffuse
scattering field is significant [8].

In this study, an analysis of communication channels within
InF scenarios is performed using ray-tracing simulations.
These simulations consider carriers at 3.5 GHz, 28 GHz and
73 GHz, thereby covering both sub-6 GHz and mmWave
industrial applications. The shooting-and-bouncing-rays (SBR)
method is used in ray tracing, incorporating reflections, diffrac-
tions, diffuse scattering, and atmospheric molecular absorption
to accurately characterize propagation phenomena. The pri-
mary contributions of this work include the characterization
of path losses, shadow deviation, Rice factor and line-of-sight
probability, along with an analysis of the impact of propagation
phenomena on link composition in InF scenarios.

The structure of this paper is as follows: Section II provides
a detailed description of the employed ray tracing method,
the propagation environment model, and the channel model.
Section III presents the numerical results derived from the ray
tracing simulations. Finally, Section IV offers the conclusions
drawn from this study.
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II. RAY TRACING MODELING

Applying the SBR method, the ray tracing algorithm com-
prises three primary stages: transmission, tracing, and re-
ception [10], [11]. During the transmission stage, multiple
rays are emitted along the angular sphere from a designated
source point. Achieving a uniform power density and isotropic
transmission requires a homogeneous distribution of rays per
unit solid angle. The resolution and density of the rays in the
simulations are determined by the angle between adjacent rays,
which is denoted by the constant Af. In the tracing stage,
the ray lengths progressively increase. At each incremental
step, the algorithm checks whether the ray has approached any
object. If objects are detected nearby, ray-object interception
tests are conducted, in which, if an intersection occurs, the
ray is reflected according to Snell’s law. These interactions
may spawn new ray sources, applied in characterizing the
diffraction and diffuse scattering phenomena [13]. Lastly, in
the reception stage, virtual spheres are defined around the
receiver points. Rays that intercept these reception spheres
contribute to the channel impulse response (CIR) of the
corresponding link.

One of the results of this work refers to the characteriza-
tion of the contributions of different propagation phenomena
to the channel gain, namely the direct incidence, specular
reflection, diffraction, and diffuse scattering. The following
equations express the normalized powers of rays associated
with each phenomenon, disregarding the radiation patterns of
the antennas on the link. Firstly, a line-of-sight (LoS) ray has
normalized power described by

A
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in which X is the wavelength, d is the path length and p,
and p, represent the polarization mismatch loss [15] and the
frequency-dependent atmospheric molecular absorption atten-
uation factor, respectively. The latter is calculated following
the model outlined in the recommendation ITU-R P.676 and
incorporates losses due to dry air and water vapor [16]. In
turn, an Ve-th order reflection ray has power given by
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in which, in this equation, d represents the total unfolded
optical length of the reflected ray and I',, represents the n-th
reflection loss, calculated based on Fresnel coefficients. If the
reflection surface is sufficiently rough!, the effect of scattering
losses in the specular direction, denoted as pgs; ;» 18 considered.
This factor is calculated by

1 [4moy cos(6;)
i = exp{ —= | ST 3
Pds; exp{ 3 [ \ (3)
in which oy is the effective roughness of the illuminated

surface and 6; is the incidence angle.

! According to the Rayleigh criterion, a surface is classified as electromag-
netically rough if oy, > A\/[8 cos(6;)] [20].

Following the uniform theory of diffraction (UTD) method-
ology, an Ny-th order diffraction ray has normalized power
calculated by
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in which /; is the incident length at the first diffracting wedge
and A, and D,, are the spread factor and diffraction loss of
the n-th diffracting interaction [19]. Finally, the normalized
power of a diffuse scattering ray is expressed as
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where /; and /5 are the lengths of the incidence and scattering
paths, respectively; Ay is the illuminated area on the rough
surface and ( is the average scattered power in an arbitrary
direction, calculated according to Beckmann-Kirchhoff the-
ory [13], [17].
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A. Propagation Environment Model

The ray tracing simulations were conducted within an
indoor setting replicating an industrial warehouse, located at
the Innovation Hub of the Federal Institute of Paraiba in the
city of Jodo Pessoa, Brazil. Considering the wall thickness
of 0.2 m, this room has an area A.,y = 8.3 mx18.35 m
and is delimited by concrete and plaster walls. In addition,
its structure contains two metal gates, each 3.3 m long, and
glass windows. The ceiling height of the room is 3 m. Inside,
there are metallic elements that represent industrial machinery
equipment. All of these elements have a height of 1.8 m.
Fig. 1 presents a detailed description of the dimensions of the
propagation environment considered. The complex permittiv-
ity of the materials present in the propagation environment
was extracted (considering the frequency bands evaluated in
this work) applying the methodology described in the ITU-R
Recommendation P.2040 [21].

To model the effect of diffuse scattering, the effective
roughness of the materials must be characterized. For this,
it is assumed that for concrete and plasterboard surfaces, the
effective roughnesses are o, = 0.5 mm and o, = 0.15 mm,
respectively [22], [23]. The metal and glass surfaces are
assumed to be smooth (o, =~ 0 mm). In the simulations, the en-
tire environment is subdivided into Ny, square microregions,
where the reception points are located in their centers at a
height h., composing a reception grid. Each receiver in this
grid is indexed by a pair (i, 7).

B. Ray Tracing Channel Modeling

Considering that the receiving point indexed by (4, 5) cap-
tured N,; ; rays, its CIR is determined by the superposition
expressed by

Niji,j

hi (1) = Z VPpinirg €XD (=§Pn.i i) 0(T — Tnij), (6)
n=1

in which 7 is the delay domain and pp.y, 5,5, ©n,i,; and 7, ; ;
are the normalized power, phase and delay of the n-th received
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Fig. 1: Description of the propagation environment.

ray, respectively. The term p € {LoS,re,d,ds} in ppy.i;
indicates the physical phenomenon that generated the ray,
following the terminology in (1), (2), (4) and (5). Assuming
fast phase fluctuations, so that ¢, ; ;,Vn, can be modeled
by mutually independent and uniformly distributed random
variables between [—m,7], it can be demonstrated that the
channel power delay profile (PDP) is expressed by

Niysj
Pii(7) 2 E [|hig(r)*] = D ppn,igd (T = Tnig)sy (D
n=1

with [ [-] representing the expected value operator. The chan-
nel gain, which is denoted as (3; ; and represents the total
multipath power, is calculated by integrating the PDP in the
delay domain, resulting in
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To analyze the channel gain in terms of its constituent
propagation phenomena, 3; ; is segmented as

Bij = Brossi,j + Bresi,j + Basi,j + Basi,j- 9

In (9), Bros;i,j = PrLos;i,; represents the line-of-sight power (if
such conditions exist on the link), while f3,.; ;,p € {re,d,ds}
denotes the contribution of the remaining effects. These con-
tributions are computed by

Buij = D Ppm.ijP € {re,d,ds},
meM,

(10)

in which M, represents the set of multipath component in-
dices corresponding to the physical phenomenon identified by

p- Thus, the relative power of each propagation phenomenon
within the link composition can be measured by
Kpij = /Bp:'i’j,p € {LoS, re,d,ds}.
Bi.j

The distance-dependent average path losses, derived from
the channel gain §3; ;, can be parameterized using the close-in
free-space (CI) reference model. This model expresses path

losses in dB according to [14]

PLci(f,d,n) = PLgs(f, do) + 10nlogy, (d) ,

with f representing the frequency, d denoting the distance
between the transmitter and the receiver point, n is the
propagation exponent and PLgs(f,dp) is the free-space path
loss (expressed in dB) calculated at a reference distance dy,
usually adopted as 1 m [14]. The n parameter is determined
by minimizing the mean squared error using channel gain
data obtained from simulations. The channel shadowing level,
defined as the fluctuation of path losses around the mean curve,
is calculated (in dB) as

Xi,j = PLai(f, dij,m) — 101logq (Bi ;) ,

in which d; ; is the distance between the transmitter and the
(i,4)-th receiver. The overall shadowing of the channel is
quantified by the sample standard deviation of x; ;, denoted
as oy.

Another relevant parameter for channel characterization is
the Rice factor, defined as the ratio between the direct sight
power and the total scattered power, that is,

(1)

(12)

13)

Ki; = BLos;i,j .

Bij — Pros;i,j

To study the dependence of the Rice factor on distance, the
following expression is proposed:

K(d;ar,bx) = bi + 10ax logyq (d)

(14)

15)

in which K (d; ar,bg) is the distance-dependent average Rice
factor (expressed in dB) and ax and by are fit parameters.
The probability of a given receiver being in line-of-sight
(LoS) conditions is often modeled with a distance-dependent
expression. In this work, the 3GPP indoor LoS probability
model is applied, which is expressed by [9]

1, dyp < dy,
dop—d
Pros(dop) = { €xp (== ), d2 = dop > dn,
dp—d da—d
exXp { — Zl[))LOS 2 €xXp (_ fansl) ) dZD > d27

(16)
with (aros, bLos, d1, d2) being parameters that best fit the sim-
ulation results and d,p is the 2D distance between transmitter
and receiver.

III. NUMERICAL RESULTS

The ray tracing simulations were performed in the InF
scenario presented in Section II-A considering a transmitter
positioned at coordinates (6.8 m, 17.3 m), as marked in Fig. 1,
at a height of hx = 3 m (transmitter attached to the ceiling
of the room). The reception grid contains N, = 28114
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reception points, located at a height of 1.5 m. The channels
were analyzed with carriers at 3.5 GHz, 28 GHz and 73 GHz.
The ray tracing is performed considering an angular increment
between adjacent rays of A = 0.135° and with a maximum of
six reflections per optical path. Only first-order diffraction and
diffuse scatterings were considered in the simulations. Further-
more, the antennas on the links (transmitting and receiving)
are assumed to be vertically polarized. Table I summarizes the
specifications of the ray tracing simulations.

TABLE I: Ray tracing simulation specifications.

Parameter Value
TX position (6.8 m, 17.3 m)
TX height — h 3m
Number of reception points — Ny 28114
RX height — hx 1.5 m
Carrier frequency 3.5 GHz, 28 GHz, 73 GHz
Angle resolution — Af 0.135°
Maximum number of reflections 6
Links polarization Vertical-Vertical

Table II summarizes the parameters found from the ray
tracing simulations. Applying the CI model, the path losses
are parameterized for both LoS and Non-LoS (NLoS) links.
It is noteworthy that in LoS channels, the propagation expo-
nent remains consistently around 1.32-1.4 across all evaluated
frequency carriers. In turn, in obstructed links, this exponent
varies from 1.88 (at 3.5 GHz) to 2.0 (at 73 GHz). These rela-
tively low propagation exponent values can be attributed to the
waveguide effect induced by indoor environments. Moreover,
the dense presence of metallic objects in the InF environment
promotes the dispersion of high intensity components, such
as low-order reflections; reducing the rate of variation in
path losses. The standard deviation of shadowing on LoS
links is approximately stable at o, ~ 1 dB with respect to
frequency. On the other hand, in NLoS channels, this factor
has a maximum at o, = 5.59 dB for operations at 73 GHz. As
expected, channels at 73 GHz generally impose more severe
propagation conditions, with higher propagation exponents
and shadow deviations. Fig 2 presents the path loss results
obtained from the simulation and the corresponding CI models,
considering a carrier at 73 GHz.

TABLE II: Channel parameters obtained from ray tracing
simulations.

Frequency (GHz)
Parameter 335 73 73
LoS 1.32 1.32 1.40
PLE =7 NLoS | 188 | 190 | 2.0
LoS 1.00 1.01 1.06
SF STD - ox (dB) NLoS | 491 | 5.08 | 5.9
. ax -1.41 -1.43 -1.58
Rice Factor — K b @B) | 743 | 765 | 9.10
dy (m) 2.4
- ds (m) 8.8
LoS Probability oS 33
bLoS 0.4
Kre -1.65 -1.67 -1.88
Avg. Relative Powers (dB) Kd -33.49 | -28.99 | -29.50
Kds - - -37.52

In turn, the dependence of the Rice factor on distance
is characterized by parameters ax and by, as expressed
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Fig. 2: Path loss results and CI models from ray tracing
simulations at 73 GHz.

in (15). Based on the simulation results, the factor ag, which
indicates the rate of decay of the Rice factor with distance, was
characterized as -1.41, -1.43 and -1.57 for the carriers at 3.5
GHz, 28 GHz and 73 GHz, respectively. On the other hand, the
bx factor, which indicates the average value of the Rice factor
in the vicinity of the receiver, had a maximum value of 9.1 dB
at 73 GHz. This is due to the greater relative contribution of the
direct incidence component with increasing frequency. Fig. 3a
presents the results of the Rice factor and the corresponding
model for simulations on 73 GHz channels. According to
the simulation results, the LoS probability is parameterized
with approximately equal parameters for the three considered
carriers. These parameters are d; = 2.4 m, do = 8.8 m,
aros = 8.3 and br,s = 0.4. Fig. 3b presents the simulation
results for LoS probability overlaid by the corresponding 3GPP
model.
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Fig. 3: (a) Rice factor results and model from ray tracing
simulations at 73 GHz and (b) LoS probability ray tracing
results and corresponding 3GPP model.

Table II presents the average values of the relative power
parameters K, kg and rqs. Examining these values, it becomes
evident that specular reflection emerges as the predominant
dispersive effect, with its average relative power ranging from -
1.88 dB (at 73 GHz) to -1.65 dB (at 3.5 GHz). This dominance
can be attributed to two primary factors. Firstly, within indoor
settings, the short propagation paths associated with reflections
generate components of high intensity. Secondly, the layout
of metallic objects within the InF environment generates
reflections characterized by high coefficients that approach
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unity. It can be seen that the diffraction phenomenon has a
low average contribution to the link in both sub-6 GHz and
mmWave applications, reaching a minimum average value of
-33.49 dB at 3.5 GHz. The diffuse scattering has negligible
effects on channels operating at 3.5 GHz and 28 GHz, due to
the relatively smooth surfaces (taking into account the effective
roughnesses described in Section II-A) compared to the wave-
lengths in these applications. However, at 73 GHz, where the
wavelength is the shortest among those evaluated, the influence
of diffuse scattering becomes evident, manifesting itself as an
average contribution to the link of -37.52 dB, representing
an approximate 8 dB difference compared to diffraction.
Fig. 4 presents the empirical cumulative distribution functions
(ECDF) of the relative powers of reflection, diffraction, and
diffuse scattering.

Reflection Diffraction . Diffuse Scattering
—3.5 GHz —3.5 GHz — 73 GHz
0.8| 28 GHz 0.8| 28 GHz 0.8
" | =173 GHz | =73 GHz :
0.6 = 0.6 0.6
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Fig. 4: ECDFs of the relative powers of propagation phenom-
ena for channels at 3.5 GHz, 28 GHz and 73 GHz.

IV. CONCLUSIONS

This study presents channel characterizations at three dis-
tinct frequency bands: 3.5 GHz, 28 GHz and 73 GHz, within
an indoor factory (InF) environment through ray tracing
simulations. The results reveal that, in the evaluated InF
scenario, the propagation exponents are diminished due to
the waveguide effect, coupled with the significant contribution
of high intensity reflected components. A logarithmic decay
profile of the Rice factor with distance was also observed,
in which, for channels at 73 GHz, the average Rice factor
was characterized at 9.1 dB in the vicinity of the transmitter.
In the analysis of propagation phenomena, the dominance of
specular reflection in the channel composition was observed.
Furthermore, at 73 GHz, the effect of diffuse scattering is
already comparable to the effect of diffraction.
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